Interleukin 1 (IL-1) is a family of polypeptides initially found to be produced by activated monocytes and macrophages that mediate a wide variety of cellular responses to injury and infection. Epidermal epithelial cells (keratinocytes) produce "epidermal cell-derived thymocyte activating factor" or ETAF, which has been recently shown to be identical to IL-1. Human epidermis is normally exposed to significant amounts of solar ultraviolet radiation. Certain ultraviolet wavelengths (UVB, 290-320 nm) are thought to be responsible for most of the immediate and long-term pathological consequences of excessive exposure to sunlight. In this study, we asked whether exposure to UVB irradiation induced IL-1 gene expression in cultured human keratinocytes. Cultured human keratinocytes contain detectable amounts of IL-i a and ft mRNA and protein in the absence of apparent stimulation; these levels could be significantly enhanced 6 h after exposure to 10 ng/ml of 12-O-tetradecanoyl-phorbol-13-acetate (TPA). Exposure to UVB irradiation with an emission spectrum comparable to that of sunlight (as opposed to that of an unfiltered artificial UV light source) significantly increased the steady state levels IL-la and , mRNA in identical populations of human keratinocytes. This was reflected in the production of increased IL-i activity by these cultures in vitro. In the same cell population, exposures to UVB irradiation did not alter the level of actin mRNA; therefore, the effect of UV irradiation on IL-1 represents a specific enhancement of IL-1 gene expression. Local increases of IL-1 may mediate the inflammation and vasodilation characteristic of acute UVB inured skin, and systemic release ofthis epidermal IL-1 may account for fever, leukocytosis, and the acute phase response seen after excessive sun exposure.
Introduction
Human monocytic interleukin 1 (IL-1) consists of two discrete molecular species termed IL-la and IL-I(f (1, 2) . Although the proteins encoded by these genes bear only 25% homology, both appear to bind to the same receptor with comparable affinities and both mediate the same biological effects both in vivo and in vitro (3, 4) . The production of IL-I by monocytes and macrophages is increased under conditions that may be interpreted as injurious to the host; this observation, coupled with the multiplicity of its effects on target tissues, has led to speculation that production and release of IL-l is a fundamentally important host response to stress (5) . Recently, it has been established that other cells can make factors with IL-l-like activity (6) (7) (8) . Specifically, keratinocytes produce a molecule biochemically and functionally similar to IL-1 (8), and we have recently shown that this "4epidermal cell-derived thymocyte activating factor" (ETAF)' is identical to monocytic IL-1 at the molecular level (9) . Keratinocyte ETAF release, like monocytic IL-I release, is increased by injurious stimuli, including bacterial lipopolysaccharide (LPS), silica, thermal energy, phorbol esters, and mechanical disruption (10) (11) (12) . However, it has not been established whether such stimuli increase the release of IL-1 from keratinocytes by damaging cells and allowing passive release of intracellular contents, or whether these stimuli specifically enhance IL-l gene expression. The observation that both IL-la and # polypeptides lack a hydrophobic sequence consistent with that observed for other secreted polypeptides has led some investigators to suggest that IL-l may be only released upon cytolysis (13) . Since it has been shown that mRNAs encoding for ETAF activity are completely homologous to monocytic IL-1 a and (# mRNAs (9) , the induction of keratinocyte gene expression by the above stimuli can be assessed directly.
Human keratinocytes are uniquely exposed to UVB irradiation by virtue of their anatomic location, and solar UVB irradiation is the most likely environmental source ofinjury to skin in the absence of physical trauma. Therefore, it is not surprising that investigators have examined the effect of ultraviolet wavelength (UVB) irradiation on a variety of parameters in keratinocytes. Studies have reported that UVB irradiation increases (14) , decreases (15) , or has no effect (16) on the production of ETAF by keratinocytes in vivo and in vitro. Most ofthese studies, however, did not report the spectral power distributions ofUVB light under their respective conditions, and it is possible that variations in this parameter influence the production ofor release of ETAF from cells.
Less than 1% of the solar radiation reaching the earth is composed of ultraviolet wavelengths (290-400 nm), and < 2% of this UV light is in the UVB range (290-320 nm; reference 19). These wavelengths, however, account for the immediate and long-term deleterious effects of sun exposure (18) . Wave In the present study, we asked whether amounts of UVB irradiation that approximate prolonged in vivo exposure to sunlight, both in terms of energy and spectral range (16) , would enhance ETAF/IL-l production by keratinocytes and whether this enhancement occurred at the level of gene expression.
Methods
Keratinocytes. Human foreskin keratinocytes were grown in complete Dulbecco's minimal essential medium (DMEM) with 20% fetal calfserum (FCS) and 101 M hydrocortisone as previously described (20) . Hydrocortisone was omitted from the culture medium for at least 96 h before the initiation of experimental conditions. Ultraviolet irradiation. A bank of four bulbs (FS20, Westinghouse Electric Corp., Pittsburgh, PA) were used to irradiate cells. The energy delivered to the confluent cell layer was determined before each experiment by measuring the radiant output of the FS20 bulbs through one layer of tissue culture plastic (6 cm petri dish, Corning Glass Works, Corning, NY) containing 4 ml of DMEM with 20% FCS using a UVX digital radiometer (Ultraviolet Products, Inc., San Gabriel, CA) and a UVX-31 probe with peak absorbance at 310 nm. Timed exposures corresponding to 100, 200, and 300 mJ/cm2 were calculated for each experiment and cultures were exposed under identical conditions (i.e., through one layer each oftissue culture medium and plastic). Irradiated medium was removed, fresh tissue culture medium (4 ml) was added, and the dishes were cultured for 24 h at 370C in a 95% air/5% CO2
incubator. Viability at 24 h (propidium iodide exclusion) was > 90% under all conditions. Conditioned medium was then decanted and the adherent cells were mechanically removed from the dishes, resuspended in 4 ml of tissue culture medium, and lysed by three cycles of freeze thawing, sonicated, and filtered through a 42-Mm Millipore filter (Millipore Corp., Bedford, MA).
IL-I assay. Recombinant human IL-la was obtained from Dr. Peter Lomedico (Hoffmann-LaRoche) and was used as a standard for all assays. DlO.G4. 1 cells were generously provided by Dr. C. Janeway, Jr. (Yale University), and were maintained as previously described (21) . DI0 cells were used at least 10 d after feeding with antigen, feeder cells, and TCGF. These "resting" DI0 cells were washed three times and diluted to a final concentration of I0 cells/ml in Click's Eagle's Hanks' amino acids medium with 5% FCS added. Monoclonal 3D3 antibody (22) SI nuclease protection assay. cDNA clones for human IL-la (23) and IL,1,I (2) were first modified by deleting one of the homopolymeric tails used in the original cloning, SI probes free of homopolymeric tails were then generated for IL-la by labeling a 960-bp Hind mI-Pst I fragment at the Hind III site in the strand complementary to the mRNA and for IL-I# for labeling an 855 bp Hind III-Taq I fragment at the Hind III site in the strand complementary to the mRNA. The specific activities of these probes were determined for each preparation and were usually on the order of 1-2 X 10' dpm/fmol. 2-5 fmol of end labeled a and ft probe were hybridized separately to indicated amounts of total RNA sample in 80% deionized formamide, 0.4 M NaCl, I mM EDTA, 40 mM Pipes, pH 6.8 at 52°C overnight. After this incubation, each sample was digested for 60 min at 37°C with 100 U of SI nuclease (9) . The products were subsequently analyzed on a 5% sequencing gel as previously described (9) . To determine the relative mRNA levels, films were scanned at 550 nm and areas under the peaks were calculated by weighing. The values obtained were corrected for the fact that the specific activity of the IL-a probe was 1.9 times that of the IL-IlW probe.
Slot blot assay. Total RNA (14 ,ug) was denatured at 650C in 0.9 M NaCI/0.09 M Na citrate (6X SSC-7.4% formaldehyde for 10 min and filtered onto a sheet of nitrocellulose prewetted with 6X SSC, using a slot blot apparatus (Schleicher & Schuell, Inc., Keene, NH). Four different amounts of RNA (see above) were applied per sample. There is no need to compensate for the lower amounts of RNA spotted by adding carrier RNA(Chua,A.O.Unpublishedobservations).Themembranewasprobed with a nick translated chicken actin cDNA clone, washed, and exposed to x-ray film. The autoradiogram was scanned at 550 nm and peak areas (determined by weighing) were plotted as a function of RNA amount loaded per slot. Linear regression analysis yields a value for the slope of the line going through the four points and can be used as a measure for the relative actin mRNA levels in the sample tested.
Results
We have previously reported that human keratinocytes produce both IL-l mRNA and protein in the absence ofintentional stimulation (9) . This constitutive production was not altered by the addition of polymixin B and therefore was thought not to be due to low levels ofcontaminating endotoxin. For all subsequent studies, secondary cultures ofhuman foreskin keratinocytes were grown to confluence as previously described (20) . Samples of cells and tissue culture medium under these conditions were endotoxin free as judged by the limulus lysate assay. Keratinocytes grown in this fashion are homogeneous and produce keratins characteristic of epidermis (20) .
Since cultured keratinocytes, unlike monocytes, contain significant steady state levels of IL-la and if, we considered the possibility that keratinocyte IL-I production was already maximally induced in our culture system. In an attempt to further induce IL-1 gene expression, TPA was added to confluent cultures of human keratinocytes (final concentration, 10 ,ug/ml) and, 6 h later, cells were harvested and total RNA was extracted. Total RNA was then analyzed with an SI nuclease protection assay (19) using cDNA probes for human monocyte IL-a and j3. The sizes of the protected fiagments in this assay are 210 nucleotides for IL-la (corresponding to the coding region for amino acids 64-134 of the complete IL-la precursor) and 525 nucleotides for IL-1,8 (corresponding to the coding region for amino acids 133-269 of the complete IL-Il( precursor plus 116 nucleotides of the 3' untranslated region). In addition, the ILla probe very reproducibly gives rise to a secondary fiagment of 125 nucleotides that is due to an SI sensitive site within the probe (see also reference 9). Fig. 1 of both mRNAs. In addition, these data confirm our previous reports (9) that IL-a is not a minor species of IL-I in keratinocytes and may in fact be the predominant IL-I in epidermis.
Ultraviolet light from artificial sources delivers significant energy at wavelengths of 290-300 mJ/cm2 (Fig. 3) ; however, the earth's atmosphere absorbs virtually all ofthese wavelengths (17) . It was inadvertently found that by exposing cultured keratinocytes to an artificial UVB light source through tissue culture plastic and medium, the relative intensity of UVB wavelengths reaching the adherent cell layer is similar to those of sunlight reaching human epidermis. To exclude the possibility that photoactivation of tissue culture medium could induce IL-1 gene expression in keratinocytes, UVB-irradiated tissue culture medium was added to unirradiated keratinocytes and no increased IL-I production or release ensued (unpublished observations).
Cultures were exposed to defined amounts ofUVB light such that the total energy delivered to the cells (measured after transmittance through plastic and tissue culture fluid) was 100, 200, or 300 mJ/cm2. Survival ofthese cells at 24 h was > 90% under all conditions (not shown). Cells were harvested either 1 or 6 h after exposure to UVB light, and total RNA was extracted as previously described (9) . Cells irradiated through saline alone ,chat is, without tissue culture plastic or medium) were much more susceptible to UVB-induced damage, with significant cell death occurring after 200 mJ/cm2 and total cell destruction occurring at 300 mJ/cm2. Fig. 4 shows that HFK, in the absence of apparent stimulation, contain mRNA identical to IL-la and # mRNA from LPS-stimulated peripheral blood leukocytes. Exposure of these HFK to 100 mJ/cm2 ofUVB irradiation led to a modest increase in the levels of both IL-la and P mRNA 1 h after irradiation ( Fig. 4 and 200 or 300 mJ/cm2; however, these amounts of UVB led to an 8-to 17-fold increase in both IL-I mRNAs by 6 h after irradiation ( Fig. 4 and Table I ). To determine the specificity ofthis increase in IL-l mRNA after UVB irradiation, we examined total RNA from the same samples using a cDNA probe for actin. Fig. 5 shows a slot blot analysis of three of these RNAs from which relative values for actin mRNA levels were extrapolated by linear regression analysis. Levels of actin mRNA did not change significantly after exposure to UVB irradiation, even under conditions where IL-1 mRNA was markedly increased (i.e., 200
mJ/cm2 at 6 h). Thus, the UVB-induced increase ofIL-I mRNA Comparison of relative increases in biological activity (D1O assay, see is not paralleled by a general nonspecific accumulation of actin mRNA. Keratinocyte IL-1, like macrophage and monocyte IL-1, is present both in tissue culture medium as a secreted protein and, in substantial quantities, as a cell-associated protein (24, and unpublished observations). We have previously shown that the ability of keratinocyte conditioned medium to stimulate DO0 proliferation can be completely neutralized by specific antibodies to IL-i a and ,3 (9) . Since quantitation of culture medium IL-I alone disregards the cell-associated compartment, and since cellular injury and passive release of IL-I by the cell could result in a spurious increase in supernatant IL-1 activity without de novo synthesis of IL-1, both secreted and cell-associated fractions from HFKs exposed to UVB irradiation were tested for IL-i activity. Dl 0, a cloned T helper cell, in the presence of a monoclonal clonotype specific antibody (3D3), was used to quantify IL-I activity (22) . Fig. 6 shows that extracellular IL-l activity is detectable in the absence of apparent stimulation, but that the majority ofIL-I activity is cell associated. IL-l activity increases significantly as a function of the amount of UVB energy delivered to the cells, reflected in a proportional increase in IL-1 activity in both extracellular and cell-associated compartments. This indicates that the UVB-induced increase in secreted IL-l observed here and previously by other (14) does not simply reflect a shift in IL-l compartmentalization. These data also suggest that most of the IL-l produced by cultured keratinocytes, even after UVB irradiation, is not secreted but rather remains in a cell-associated compartment. The present study does not address the issue ofputative shifts between cytoplasmic and membrane-bound compartments. Total IL-1 (secreted plus cell associated) is significantly increased by exposure to UVB energies that also cause the accumulation of IL-1 mRNA (but not actin mRNA) in keratinocytes (Table I) .
Discussion
We have shown that keratinocytes contain mRNAs identical to the mRNAs encoding monocytic IL-la and /3 by SI nuclease protection analysis, indicating the ETAF represents a mixture of IL-la and /3. Once again, the finding of substantial quantities of IL-la mRNA in human keratinocytes confirms our previous findings (9) and indicates that IL-Ia is not properly regarded as a minor form of IL-I in man. The presence of substantial IL-I mRNA and II-, bioactivity in cultures of unstimulated keratinocytes is of considerable interest. Unstimulated monocytes contain virtually undetectable IL-l mRNA and IL-l activity, and only express IL-i mRNA after appropriate stimulation (3, 4 the reciprocal of the dilution yielding ½/2 maximal proliferation as previously described (22) . All groups are significantly different at (at least) a P value of < 0.001. The percent total IL-I activity is shown in parentheses within each bar.
onstrated in unstimulated human epidermis but not in unstimulated peripheral blood monocytes (26) . TPA has been shown to increase IL-I activity in cultures of macrophages and keratinocytes (12, 27) . However, phorbol esters may act as agonists of IL-I activity on various cells (7), and it has been difficult to separate agonist from inducer activities using standard IL-I bioassays. The data presented here suggest that TPA specifically elevates IL-la and /3 mRNAs in cultured human keratinocytes. This indicates that although appreciable levels of IL-la and /3 mRNAs can be found in populations of human keratinocytes in the absence of intentional stimulation, further increases in the levels of these mRNAs can be induced in such cell populations. Subsequent studies to determine the mechanism by which TPA enhances IL-I mRNA levels are underway.
The present study shows that environmentally relevant UV irradiation increases both IL-l mRNA and protein in a dosedependent fashion in cultured keratinocytes. Doses of 200 and 300 mJ/cm2 are most efficient in this regard. Incidentally, it was noted that identical energies of unfiltered artificial UVB light lethally injured cells; this is consistent with the observation that significant damage of cellular DNA induced by wavelengths of 290-300 nm, which are normally filtered by the atmosphere (17) . Significant accumulation of IL-I mRNAs does occur by 1 h postirradiation; however, at 6 h, both IL-la and /3 mRNAs increase substantially over control values. IL-I bioactivity is increased as early as 2 h after UVB irradiation (not shown), and substantial increases in both extracellular and cell-associated fractions are seen after 24 h. The data are consistent with the idea that UVB irradiation leads to an increase in the steady state levels of both IL-la and /3 mRNA, as well as IL-I protein, in cultured human keratinocyte populations. No significant shift in the cellular compartmentalization ofIL-I is induced by UVB irradiation; that is, keratinocyte IL-1, at least in cells cultured in this fashion, is predominantly a cell-associated protein.
The mechanism by which IL-la and /3 mRNA is elevated in a population of cultured human keratinocytes by UVB or by TPA cannot be determined from this study. However, it is unlikely that UVB irradiation leads to nonspecific stabilization of all cellular mRNAs by interfering with mRNA degiadation, since another mRNA (actin) that is produced constitutively by keratinocytes is not affected by UVB irradiation. It is possible that UVB irradiation induces events that cause selective stabilization of certain mRNAs including IL-la and /3; alternatively, it is possible that such events enhance transcription ofthe IL-l genes. Experiments are in progress to evaluate these possibilities. However, we cannot rule out the possibility that only a small fraction ofcells in uninduced keratinocyte cultures contain IL-I mRNAs, and that UVB irradiation leads to events that increase the proportional representation of such cells. This possibility is currently being addressed by in situ hybridization studies of cultured human keratinocytes.
Studies using a murine model of in vivo UVB irradiation have shown that by 24 h after 3 MED of UVB, a mixed inflammatory cell infiltrate can be observed in the upper dermis (28) . Application of TPA to mouse epidermis induces identical changes in the histology of skin (29) . Interleukin I production by keratinocytes has been implicated in the recruitment of inflammatory cells to skin, and injection of either purified epidermal IL-1 or recombinant IL-la induces a similar inflammatory infiltrate (30) . By 48 h after treatment with UVB or TPA, an increase in the thickness of epidermis can be observed that can be accounted for by proliferation of keratinocytes in situ; similarly, IL-I has been implicated in the autocrine growth ofkeratinocytes (30, 31) . Both UVB and TPA have been shown to induce ornithine decarboxylase activity, which is important in the synthesis of polyamines (32) , and this has been cited as evidence that UVB and TPA share tumor promoting activities, since polyamines have been implicated in both normal cell growth and malignant transformation (33, 34) . The importance of the observation that both stimuli also induce the accumulation of IL-1 mRNA and protein in keratinocytes is unknown at present.
The observation that UVB irradiation causes a graded increase in both the accumulation of IL-I mRNA and protein in human keratinocytes suggests that many of the immediate biological responses to excessive sun exposure may be mediated by keratinocyte IL-1. These include local effects such as enhanced prostaglandin synthesis by epidermal cells, fibroblast activation (5, 6, 10, 25) , and recruitment of neutrophils and T cells from peripheral blood (35) , all ofwhich can be mediated or influenced by IL-l and may be important in the repair of injured tissue. Certain systemic effects seen after excessive sun exposure can be mediated by IL-I as well, including fever, leukocytosis, and the acute phase response. UVB can injure cells by a variety of different mechanisms (17) , and it is not clear what elements UVB irradiation and other injurious IL-l inducing stimuli share.
UVB irradiation is considered immunosuppressive; antigen presentation of Langerhans cells is inhibited in UVB exposed skin and suppressor T cell circuits are activated in response to antigen recognized in this context (36) . Thus, it seems paradoxical that IL-1, a molecule vital to successful antigen presentation to T helper cells, should increase in this setting. A possible explanation is that since UVB irradiation constitutes an injury to skin, it may be important to inhibit antigen presentation ofUVB altered tissue that could provoke an autoimmune response. IL-1 may thus be produced in this context primarily to mediate inflammation and healing, and not to augment antigen-specific immune responses. Defective antigen presentation and locally suppressed immunity may help subserve the successful resolution of an inflammatory injurious process.
The presence of significant amounts of IL-1 in human epidermis, coupled with a mechanism of regulating the expression ofIL-1 genes in response to a ubiquitous environmental stimulus, suggests that the keratinocytes may strongly influence the biological consequences of solar radiation injury.
